Abstract The objective of this study was to investigate the effect of vermicompost, worm-bed leachate (WBL) and Glomus mosseae, an arbuscular mycorrhizal fungi (AMF), on growth of lemongrass (Cymbopogon citratus (DC.) Stapf). A response surface methodology, i.e. a three-level Box Benhen design with three repetitions and three blocks, was applied to optimize biomass production, essential oil yield and its composition. Application rates of Glomus mosseae were 0, 1 or 2 g plant -1 , vermicompost 0, 5 or 10 g plant -1 and WBL 0, 10 and 20%. The AMF had no significant effect on the variables tested, but vermicompost had a significant effect on essential oil yield and WBL on essential oil yield, myercene concentration and shoot dry weigh (p < 0.05). It was found that lemongrass fertilized with 2.0 g G. mosseae, 5.0 g vermicompost and 20% worm-bed leachate would yield 0.797% essential oil of which 62.6% was citral.
INTRODUCTION
Lemongrass (Cymbopogon citratus (DC.) Stapf.) is cultivated in many countries around the world, e.g. Argentina, Brazil, Cuba, Ecuador, India, Singapore, China, France, Madagascar, Haiti, Puerto Rico, Mexico, Guatemala, Honduras and Salvador, for its essential oil rich in terpene compounds (Soto-Ortiz et al. 2002) . Citral, the main constituent of lemongrass essential oil, is used in perfumery, confectionery and infusions, and used as raw material in the synthesis of ionone, aromatic substances, and vitamin A (Theaganajar and Kumar, 1995) . In Europe, leaves are used in teas and infusions. In Mexico, lemongrass tea is used traditionally as a sleep aid, tranquilizer, digestive, anti-influenza and antispasmodic (Rauber et al. 2005) . Recently, anticonvulsant activities of the essential oils (EOs) from Cymbopogon winterianus Jowitt and C. citratus (DC) Stapf. in mice have been reported (Blanco et al. 2009 ), which has stimulated the cultivation of lemongrass in Chiapas Mexico.
Different organic cultivation techniques have been used to increase plant yield and essential oil in lemongrass. Lemongrass has been inoculated with arbuscular mycorrhizal fungi (AMF), e.g. Glomus mosseae and G. fasciculatum, and biomass yield increased by 3-10% (Soto-Ortiz et al. 2002) . Vermicompost and its derivates are often used in organic farming, but little information exists about a possible effect on lemongrass and its essential oil. Vermicomposting is the nonthermophilic biodegradation of organic material through the interaction between earthworms and microorganisms (Arancon et al. 2003) . Leachate derived from vermicomposting often called "worm tea" or worm-bed leachate is regarded beneficial to the crops. It can be used as a liquid fertilizer as it contains large amounts of plant nutrients (Oliva-Llaven et al. 2010) . Additionally, worm-bed leachate might contribute to plant development as it contains large amounts of humic acids (Arancon et al. 2005) . Humic acids are molecules that regulate many processes of plant development including macro and micro nutrient adsorption .
Response surface methodology (RSM) is a collection of mathematical and statistical techniques widely used to determine the effects of several variables and to optimize different biotechnological process (Georgakopoulos et al. 2011) . The objective of the present investigation was to optimize the use of vermicompost, worm-bed leachate, and the arbuscular mycorrhizal fungus G. mosseae in the organic cultivation of lemongrass. Plant yield in terms of shoot dry weight, essential oil yield and its composition were monitored.
MATERIALS AND METHODS

Vermicompost and worm-bed vermicompost
Eight beds (1.5 m x 6.6 m and 1 m deep) were used to obtain worm-bed leachate. Each bed was covered with a plastic sheet to protect the vermicompost against sun and rain. A total bed area of 79 m 2 was available. Cow manure was composted thermophilically for two months while mechanically being turned over every 15 days. The composted cow manure, adjusted to 80% moisture content, was placed in the beds to a depth of 0.5 m and earthworms (Eisenia fetida) were added at a rate of 25 g earthworms/kg cow manure or 2.5 kg earthworms/m 2 bed. The mixture was left for two months. Each bed contained a leachate drainage and collection system. Leachate from each bed was collected in a separate 200 L tank, pumped into a central collection 1500 L tank and characterized. 
Characterization of vermicompost and worm-bed leachate
The pH was measured in 1:2 vermicompost-H2O (w:w) solution using a 716 DMS Titrino pH meter (Metrohm Ltd. CH.-9101 Herisau, Switzerland) fitted with a glass electrode. The Electric conductivity (EC) was determined in 1:5 vermicompost/H2O (w:w) solution. The cation exchange capacity (CEC) was measured with the 1 N ammonium acetate method (pH 7.0) (Renault et al. 2009 ). Total P was determined by digestion with HNO3/HClO4 mixture 1:3 (v:v) with sodium carbonate fusion. Extractable P in the 0.5 M NaHCO3 extract was determined by the antimony-potassium-tartrate method. Organic matter was determined by chromic acid titration method. Total N was measured by the semi-micro Kjeldhal method, Apparent density was determined by the method with the cylinders of 100 cm 3 (Da, g/cm 3 ). Humic and fulvic acids were determined by the Walkley and Black (1934) method.
Lemongrass slips were obtained from healthy adult plants. One lemongrass slip was planted in a plastic pot (25 cm diameter and 30 cm) containing 5 L of the different mixtures of vermicompost and peat moss (Table 1) . Spores of G. mosseae were placed 8 cm from the bottom of the pots. Plants were watered with 250 mL worm-bed leachate diluted at different concentrations every 48 hrs for 4 months ( Table 1) . No additional fertilizer was applied and the plants were harvested after four months.
Experimental design and statistical analysis
A response surface 3-level Box Benhen design with 3 repetitions of central point (in each block) was applied to optimize yield, essential oil yield and its composition. The experiment was done with 4 blocks. Each plant was fertilized with 0, 1 g (200 spores of G. mosseae) or 2 g (400 spores of G. mosseae), 0, 5 or 10 g vermicompost and 0, 10 or 20 % worm-bed leachate as shown in Table 1 .
All data were analyzed by multiple regressions with the least square method: Where β: the coefficients to be defined, A: amount of G. mosseae per plant, B: the amount of vermicompost per plant, and C: the % worm-bed leachate. R 2 values were calculated for each equation.
All results were subjected to a one-way analysis of variance to test for significant differences between the treatments using PROC GLM (SAS statistical package) with the Tukey's Studentized Range test (P < 0.05) (SAS, 1989) . The response surface graphs and desirability function analysis were made with Statgraphics plus software (Statgraphics, 1999) .
Dry weight and essential oil content
Shoot plant dry weight was determined by drying the plant in an oven at 60ºC under vacuum for 24 hrs. Total essential oil content was measured by hydrodistillation using a Clevenger type apparatus. A 40 g sub-sample of lemongrass leaves was cut in 3 cm long strips, added to a 500 mL flask containing 200 mL distilled water and boiled for 30 min (Szumny et al. 2009 ). The vapours were condensed by a condenser. The oils were dried with anhydrous sodium sulphate and stored in amber glass jars at 4ºC.
Citral, linalool and myrcene identification and quantification
A 1 μL sample of essential oil was analyzed by gas chromatography coupled with mass spectrometry (GC-MS) (Agilent 5975C) to identify and quantify citral, b-myrcene and linalool. The separation was achieved with a fused silica capillary DB-WAX column (60 m x 0.25 mm i.d., film thickness 0.25 μm) (J & W Scientific, Folsom, CA, USA). Temperature of the column was increased from 70 to 250ºC at 16ºC/min up to 150ºC and at 25ºC/min up to 250ºC. The injector and detector temperatures were maintained at 250ºC. The carrier gas was helium (He) flowing at 1.0 mL/min. All analyses were done in duplicate.
RESULTS
Characterization of vermicompost and worm-bed leachate
Vermicompost had pH 8.25, electrical conductivity 1.44 dS m -1 , cation exchange capacity (CEC) 98.6 Cmol kg -1 total phosphorus 341.4 mg kg -1 , extractable phosphorus 472 mg kg -1 , organic matter 20.17% and total nitrogen 132 mg kg -1 . The apparent density was 0.69 g mL -1
, the humic acid concentration 4.34% and the fulvic acid concentration 3.99% of the total C content of the vermicompost. The humic to fulvic acid ratio was 1.08.
The worm-bed leachate (mean of three samples collected every 8 weeks) had pH 7.5, electrical conductivity 9.8 dS m -1 , and total phosphorus 0.916 g L -1 and nitrogen content of 15.3 g L -1 . Humic acid concentration was 0.07% and the fulvic acid 0.22% of the total C content of the worm-bed leachate. The humic to fulvic acid ratio was 0.32.
Essential oil content
Essential oil content varied between 0.14 and 0.79% in the different treatments ( Table 2 ). The AMF had no significant effect (p < 0.05) on the essential oil content. However, plants amended with 10 g vermicompost plant -1 had 0.13% more essential oil than control plants without addition of vermicompost (Table 3) . The plants amended with 20 ml WBL plant -1 had 0.16% more essential oil content than control plants (Table 3) . Studying the individual effects showed that higher vermicompost and WBL concentrations resulted in higher essential oils contents (Table 3) . Combining those two factors showed that a maximum essential oils content was obtained using 5% vermicompost and 20% WBL. This could be due to synergistic effect between the nutrients and humic substances of vermicompost and WBL.
The analysis of variance (Table 4) with Y the essentials oil content.
Citral, linalool, and myrcene contents
Citral contents varied from 59.7 to 64.0%; linalool from 0.88 to 1.18% and myrcene from 10.14 to 26.4% (Table 2 ). The AMF and vermicompost had no significant effect on citral, linalool and myrcene contents (Table 3) . Worm-bed leachate only had a significant effect on myrcene contents in lemongrass leaves (p < 0.05). The response surface graph indicated that 20% of WBL resulted in maximum citral content (Figure 1b) . The analysis of variance (ANOVA) show that β coefficients for WBL had a significant effect on citral and myrcene contents (P < 0.05) but not for linalool content ( Where, Y = citral, myrcene or linalool contents.
The response surface graph indicated that WBL at 20% resulted in maximum myrcene content in the lemongrass leaves (Figure 1c) . The ANOVA demonstrated that WBL, AMF-vermicompost and AMF-WBL interaction were significant and Fisher's F test demonstrated that the model applied was significant (Table 4) .
Plant yield
The aerial dry weight varied between 25.7 and 44.1 g. Vermicompost and AMF had no significant effect on shoot dry weight, but the effect of WBL was significant (p < 0.05) ( Table 3 ). The response surface graph (Figure 1d ) indicated that vermicompost at 5 g plant -1 and AMF at 0.2 g plant -1 resulted in maximum shoot dry weight. The ANOVA for b coefficients of the model (Equation 6) showed that AMF and the quadratic term of vermicompost were significant and the Fisher´s F test showed that the model applied was significant (Table 4 ). The coefficients of the second-order model were estimated (Equation 6). P-values for β coefficients of second-order model. * significant to p < 0.05, ** significant to p < 0.01 and ns not significant.
Desirability function approach (DFA)
The maximal values of shoot dry weight, essential oil, citral, linalool and myrcene contents were calculated with RSM. However, it is necessary to determine a biofertilization protocol related to the optimal responses. The DFA was used to obtain a biofertilization scheme for maximizing essential oil yield and citral content. A value of 1.0 for the DFA is the optimum. Results indicated that optimal values were 2.0 g plant -1 , 5.0 g plant -1 and 20% of AMF (G. mosseae), vermicompost and WBL, respectively to obtain a desirable value of 0.92 ( Figure 1e ). As such, lemongrass could yield 0.797% essential oil with 62.6% of citral.
DISCUSSION
Essential oil content
The essential oil content of C. citratus in the various treatments varied between 0.14 and 0.79%. Similar high essential oil content, i.e. between 0.68 and 0.73%, were reported by Kanko et al. (2004) and Kasali et al. (2001) . Linares et al. (2005) obtained 0.40% essential oil in lemongrass using both chemical and organic fertilizer (poultry litter dried Fertipollo®). The essential oil yield increased up to 27% when biofertilizers were applied to lemongrass compared to chemical fertilizer. Serrato-Castillo and Moreno-Berrocal (2003) found that applying decomposed coffee pulp as biofertilizer increased essential oils in lemongrass with 25%. Studying the individual effects showed that higher vermicompost and WBL concentrations resulted in higher essential oils contents (Table 3) . Combining those two factors showed that a maximum essential oils content was obtained using 5% vermicompost and 20% WBL. This could be due to synergistic effect between the nutrients and humic substances of vermicompost and WBL.
Citral, linalool and myrcene contents
The quality of C. citratus essential oil was related to its citral content, i.e. a mixture of isomeric aldehydes, neral and geranial. Essential oils with a citral content > 75% are considered of high quality (Combrinck et al. 2011 ). In our study, citral was the most important component of the essential oil, with concentrations ranging from 59.7 to 64.0%. Another factor that affects the quality of the essential oil of C. citratus is β-myrcene. Oils with β-myrcene are poorly soluble in ethanol and form opalescent solution, this property is a limitation for their use in the perfume industry (Chingin et al. 2008) .
Plant yield
Vermicompost can affect plant growth in different ways. Its high nutrient and humic acid contents stimulate plant growth, while its high organic matter improves soil physical and biological properties beneficial for plant development. Humic substances are known stimulators of plant growth (Dell'Amico et al. 1994) . They increase membrane permeability, facilitate transport of essential elements within roots, and favour respiration. Canellas et al. (2010) extracted humic acids (HA) from vermicompost and separated them in different fractions. They found that all fractions promoted root growth in Arabidopsis and maize seedlings, but the effect depended on the fraction and plant species. In Arabidopsis, HA induced an auxin-like exogenous response, i.e. the principal root axis was shortened and lateral roots induced, but less biomass was produced, however, in maize the effect of HA resembled a plant with low auxin concentration, i.e. principal root elongation and more plant biomass. Lemongrass plants followed the same pattern as the maize plants. The stimulation of root development could be for the H + -ATPase activation that was induced by humic acid (Zandonadi et al. 2007 ). Lateral root development also was induced by humic acid with nitric oxide as a messenger (Zandonadi et al. 2010 ). Thus, mycorrhizal inoculation has the potential to enhance the production of lemongrass, particularly when farming systems are based on organic inputs (Gaur and Adholeya, 2002) .
CONCLUDING REMARKS
Vermicompost increased the essential oil content of lemongrass leaves. On the other hand, worm-bed leachate increased the essential oil content, myrcene and shoot dry weigh of lemongrass leaves. Glomus mosseae had no effect on plant characteristics studied. Vermicompost and WBL can be used in organic cultivation of crops with higher plant yield and essential oil content, while conserving the essential oil quality in terms of the citral content. 
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